The correlation between P pulmonale and right atrial overload in chronic lung disease was studied. Right atrial pressure, pulmonary artery pressure, and cardiac output were measured with a Swan-Ganz catheter in nine patients with chronic lung disease and P pulmonale on the electrocardiogram (P wave amplitude of > 2-5 mm (0 25 mV) in leads 11, I1, and aVF. The results were compared with those in six patients with an atrial septal defect (left to right shunt > 50%) and six patients with pulmonary hypertension (mean pressure > 30 mm Hg without left sided heart disease). Right atrial volume and wall thickness were measured in 10 cases of P pulmonale among 1000 necropsy cases and compared with 141 normal hearts from the same series.
compared with those in six patients with an atrial septal defect (left to right shunt > 50%) and six patients with pulmonary hypertension (mean pressure > 30 mm Hg without left sided heart disease). Right atrial volume and wall thickness were measured in 10 cases of P pulmonale among 1000 necropsy cases and compared with 141 normal hearts from the same series.
The patients with P pulmonale did not show a significant increase in right atrial or pulmonary artery pressures. None of the patients with an atrial septal defect or pulmonary hypertension had P pulmonale on the electrocardiogram. In the necropsy cases of P pulmonale mean (1 SD) in right atrial volume (32 (12) ml) and wall thickness (1 5 (0 7) mm) were not significantly increased (40 (14) ml and 1-4 (0 5) mm in the normal hearts). There was a significant inverse relation between the presence of P pulmonale and the cardiothoracic ratio. In all the patients with P pulmonale chest x ray showed a low cardiothoracic ratio, a considerably depressed diaphragm, and a pendulous heart. This study showed no correlation between P pulmonale and right atrial overload in chronic lung disease. A more vertical anatomical position of the heart, particularly of the right atrium, seems to be the major factor responsible for generation of P pulmonale in chronic airways disease.
Peaked, tall, and narrow P waves in leads II, III, and aVF in lung disease are called P pulmonale. Though many factors such as verticalisation of the heart,' 2 increased residual volume,3 and impaired lung function45 have been reported to be correlated with these changes in the P wave, right atrial overload (right atrial enlargement or increased right atrial pressure or both) is still thought to be responsible for P pulmonale in lung disease, especially in cor pulmonale.6
Because the relation between haemodynamic function and P wave variables has been little studied we investigated haemodynamic function in patients with chronic obstructive airways disease and the presence of P pulmonale (> 2-5 mm in leads II, III, and aVF). We compared this with P wave configuration in patients with atrial septal defect and pulmonary hypertension, conditions that increase right atrial volume and pressure respectively, and we studied the correlation between the amplitude of the P waves and the right atrial overload.
Patients and methods

PATIENTS
We studied nine patients with chronic lung disease and P pulmonale between May 1987 and August 1989 at Tokyo Metropolitan Geriatric Hospital. P pulmonale was defined by the following criteria: the amplitude of the P waves in all of leads II, III, and aVF was > 2-5 mm and the duration of the P wave was 0 0 10 s. As control groups we also studied six patients with atrial septal defect (left to right shunt > 50%) and six with pulmonary hypertension (mean pressure > 30 mm Hg) that was not secondary to left sided heart disease. These conditions increase right atrial volume and pressure respectively. Haemodynamic function was assessed in these two groups at the same hospital between June 1982 and June 1987. Patients with atrial fibrillation were excluded. To evaluate the relation between P pulmonale and right atrial overload we studied 10 patients who met the criteria for P pulmonale (amplitude > 0-25 mV in each of lead II, III, and aVF) and 141 patients without any significant clinical findings or cardiac abnormalities at necropsy. These cases came from a consecutive series of 1000 necropsies.
METHODS
In every patient we measured the right atrial and pulmonary artery pressure and cardiac output with a Swan-Ganz catheter and the amplitude and axis of the P waves in the frontal plane to evaluate P wave changes caused by right atrial volume load or pressure load or both. We examined chest radiographs to correlate the cardiothoracic ratio and the shape of the heart with the P wave variables. In each group we studied the correlation between the amplitude and axis of the P waves in the frontal plane and indices of haemodynamic function and the cardiothoracic ratio. In (TABLE 4) The average amplitude of the P waves in leads II, III, and aVF was 2-84 (0 25) mm in patients with P pulmonale and 0-63 (0-41) mm in 141 patients with normal hearts (p < 0 01). Right atrial volume and wall thickness were similar in patients with P pulmonale and in controls (32 (12) ml v 44 (5) ml; 1 5 (0-7) mm v 1-4 (0-5) mm respectively) as was the thickness of the right ventricle (3 3 (1-2) v 3-8 (1-2) mm). The chest radiographs of all patients with P pulmonale
showed that the cardiothoracic ratio (44 (5) %) was significantly smaller than in the controls (53 (7) %, p < 0 01) and that the heart was pendulous. Table 5 shows the data for each of the groups.
Discussion
Peaked, tall, and narrow P waves in leads II, III, and aVF are accepted criteria for P pulmonale, but these features have no quantitative definition. Controversy about the implication of P pulmonale may derive from its ambiguous definition. We selected patients with chronic airways disease who had very tall P waves () 2-5 mm) in each of leads II, III, and aVF. In this group with P pulmonale, none of the patients showed significant increase in the right atrial or pulmonary artery pressure, and in eight of the nine patients cardiac output was normal. In contrast, none of the patients with atrial septal defects (which load the right atrium and right ventricle with increased volume) or with pulmonary hypertension (which loads the right atrium and ventricle with increased pressure) had P pulmonale. At necropsy 10 patients with P pulmonale showed no evidence of right atrial overload compared with the normal hearts; though in two patients there was hypertrophy of the pectinate muscle of the right atrium. Caird and Wilcken also found little correlation between P pulmonale and anatomical abnormality of the right atrium.3 Saha reported that right atrial enlargement or increased right atrial pressure on both are important factors for the change of the P waves in cor pulmonale, in addition to the combination of tachycardia, increased residual volume, and increased intrathoracic pressure.6
There were no patients with P pulmonale in our group of patients with pulmonary hypertension-the disease most likely to cause cor pulmonale. None of the patients with atrial septal defect showed P pulmonale, despite the right atrial enlargement caused by volume overload. So we found no correlation between P pulmonale and right atrial enlargement or increased right atrial pressure.
Spodick et al found that the shift of the P axis to the right as well as increased P wave amplitude was associated with appreciable impaired lung function.4 All our patients with P pulmonale also showed impaired lung function. Almost all of them, however, showed normal haemodynamic function. Our data showed that impaired lung function did not always correlate with right atrial overload, and right atrial overload did not correlate with P pulmonale, either.
P pulmonale correlated negatively with the cardiothoracic ratio (r= -0-81, p < 0 01) ( fig  1) . The cardiothoracic ratio in the group with P pulmonale was significantly lower than in the groups with atrial septal defect or pulmonary hypertension and chest radiographs showed considerable depression of the diaphragm caused by primary or compensatory hyperinflation of the lungs. The chest radiographs showed that the right cardiac border was straightened and deviated to the left side in the posteroanterior view. This finding indicated the absence of significant enlargement of the right atrium compared with those of patients with atrial septal defect, who showed considerable cardiomegaly caused by the enlargement of both the right atrium and ventricle. Lateral views also showed a straightened posterior cardiac border (fig 2) .
The-position of the heart is determined by its attachment to the mediastinum by the great vessels of the ascending aorta, pulmonary artery and vein, and superior vena cava in the upper portion and by the pericardium in the posterior portion. The lower part of the heart, however, is fixed by only the inferior vena cava. Because the diaphragm was depressed the inferior vena cava was displaced inferiorly and the right atrium was stretched between the superior and inferior venae cavae and was extended vertically (fig 3) . In the atrium an impulse formed in the sinus node spreads radically along the wall unlike in the ventricle where it is conducted from the endocardium toward the epicardium. The direction of the maximum P wave vector in sinus rhythm is then usually down towards the left and anteriorly or posteriorly. Because the right atrium was stretched and extended between the superior and inferior venae cavae, the direction of the P wave vector shifted rightward by almost 90° (fig 3) . All our patients with P pulmonale showed rightward shift of the P wave axis. Juan et al also reported that 56% of patients (96/171) with chronic obstructive airways disease had a shift of > + 70°in the P wave axis, but only one patient had a shift of > + 900.5 When the maximum P vector shifts to the right by up to 900, the components of the P vector reflected in leads II, III, and aVF increase in amplitude. This seemed to be the main mechanism responsible for increased amplitude of the P waves in leads II, III, and aVF in chronic obstructive airways disease. Saha reported that the P axis moved toward the right during the Valsalva manoeuvre, and that the amplitude of the P waves in leads II and III was considerably increased both during the Valsalva manoeuvre and deep inspiration.' Saha's report also suggested that verticalisation of the heart was an important factor in the changing of the amplitude and axis of P waves.
In conclusion, there seemed to be little correlation between P pulmonale and right atrial overload. The chest radiographs of the patients with P pulmonale showed a low cardiothoracic ratio, considerable depression of the diaphragm, and straightened right and posterior cardiac borders. Verticalisation of the heart, especially vertical extension of the right atrium, seemed to be a more likely and a more important factor for P pulmonale in chronic obstructive airways disease than the haemodynamic effect of impaired lung function on the right atrium.
